Introduction {#Sec1}
============

Among soft tissue injuries, muscle contusion injury is the most common sport-related injury, not only for athletes but also for recreational players. Such injuries may cause acute and/or chronic pain or disruption of innate muscle function, which can result in an inability to return to competition or to daily life activities^[@CR1],[@CR2]^. Early and complete recovery from injury is one of the greatest concerns. Thus, treatment options for muscle injury such as massage, cryotherapy, and hyperbaric oxygen treatment (HBO) are being considered for use in clinical practice. Among these treatments, HBO has been proposed to have the highest potential as an effective adjunct treatment for muscle recovery^[@CR3]--[@CR5]^. However, the mechanism by which HBO could facilitate healing after skeletal muscle injury has not been established, and HBO is not yet recognized as a clinical treatment for skeletal muscle injury. Identification of the mechanisms underlying the potential therapeutic effects of HBO is essential for establishing HBO as a new treatment for muscle injury.

HBO consists of breathing pure oxygen at a high atmospheric pressure; the standard pressure is 2.0--2.8 atmospheres absolute (ATA) for 60--90 min generated by pressurized air or oxygen inside the chamber. HBO has two effects: oxygen delivery that is suitable for treating ischemic diseases and infection, and a compression effect that is essential for treating decompression illness. Based on these effects, HBO is indicated for various diseases such as carbon monoxide poisoning, osteomyelitis, decompression illness, and acute cerebral edema^[@CR6],[@CR7]^. Recently, experimental HBO studies have been reported for muscular injury, but the injury models used, such as drug-induced injury, did not recapitulate the clinical condition^[@CR8]--[@CR12]^. It is therefore necessary to develop an animal skeletal muscle injury model for mechanistic evaluation of treatments such as HBO applied to muscle injuries in contact sports. In this study, we developed a stable muscle contusion injury model in rats based on the mass-drop method, and evaluated how the hyperbaric and hyper-oxygenated environment affected oxygenation, inflammation and hindlimb swelling as acute changes, as well as myofiber regeneration as a subacute change, after injury.

Results {#Sec2}
=======

HBO improves the hypoxic environment immediately and maintains high oxygenation in contused muscle {#Sec3}
--------------------------------------------------------------------------------------------------

The oxygen concentration in the calf muscles was physiologically evaluated from before injury to 30 hours after injury in the experimental HBO chamber. The total experimental time was 60 minutes. The oxygen concentration increased to 540 mmHg during HBO and decreased to 45 mmHg at the end of HBO (Fig. [1A](#Fig1){ref-type="fig"}). Under the condition of 1.0 ATA with air, the tissue oxygen concentration decreased from 45 to 15 mmHg within 30 minutes after injury (pre-contusion: NT vs. HBO, 44.0 ± 0.56 mmHg vs. 44.4 ± 0.27 mmHg; 30 minutes: NT vs. HBO, 13.8 ± 0.41 mmHg vs. 14.8 ± 0.87 mmHg). Thirty hours were required for the concentration to recover to pre-contusion levels in the non-treatment (NT) group without HBO. After one session of HBO, the hypoxia was significantly improved at 3 hours (P \< 0.001), 6 hours (P \< 0.001) and 24 hours (P \< 0.01) (3 hours: NT vs. HBO, 24.0 ± 0.88 mmHg vs. 43.8 ± 0.63 mmHg; 6 hours: NT vs. HBO, 28.6 ± 0.61 mmHg vs. 44.2 ± 0.57 mmHg; 24 hours: NT vs. HBO, 34.8 ± 1.27 mmHg vs. 43.6 ± 0.63 mmHg) (Fig. [1B](#Fig1){ref-type="fig"}). Oxygenation was maintained for 30 hours in the contused muscle. HBO thus resulted in abundant oxygenation of injury-induced hypoxic skeletal muscle.Figure 1HBO reduced the hypoxic environment and maintained high oxygenation in contused muscle. (**A**) O~2~ concentration monitoring using a needle-type probe shows real-time oxygenation in the contused muscle during HBO. The oxygen concentration increased to 540 mmHg (asterisk) during HBO in the experimental protocol (100% oxygen for 15 minutes). Artifacts from body motion were observed during decompression. (**B**) O~2~ concentration in the injured muscle. The tissue oxygen concentration decreased from 45 to 15 mmHg within 30 minutes after injury (arrow). After one session of HBO, hypoxia was reduced and oxygenation was maintained for 30 hours. n = 5. \*\*\*P \< 0.001, \*\*P \< 0.01 using two-way ANOVA followed by Bonferroni post-tests. Data are the mean ± SEM.

HBO reduces hindlimb volume and muscle wet weight after contusion injury {#Sec4}
------------------------------------------------------------------------

Rats received non-treatment or repeated HBO sessions after injury. The treatment and evaluation schedule of hindlimb volume and calf muscle wet weight are described in Fig. [2A](#Fig2){ref-type="fig"}. The changes in injured hindlimb volume over time were evaluated before and 6 hours, 24 hours, 3 days, 5 days, and 7 days after injury in the NT and HBO groups by µCT (Fig. [2B](#Fig2){ref-type="fig"}). The volume immediately increased at 6 hours after injury, and then gradually decreased until 5 days after injury. At 6 hours (P \< 0.01), 24 hours (P \< 0.01) and 3 days (P \< 0.05) after injury, the volume in the HBO group was significantly lower than that in the NT group (6 hours: NT vs. HBO, 4051 ± 21 mm^3^ vs. 3820 ± 21 mm^3^, 24 hours: NT vs. HBO, 3588 ± 13 mm^3^ vs. 3310 ± 13 mm^3^; day 3: 2775 ± 13 mm^3^ vs. 2459 ± 28 mm^3^). The 3D reconstruction images showed that the distal calf was thinner in the HBO group than in the NT group at 6 hours, 24 hours and 3 days after injury (Fig. [2C](#Fig2){ref-type="fig"}).Figure 2HBO reduced the volume of the injured hindlimb and muscle wet weight. (**A**) Treatment and evaluation schedule of hindlimb volume and calf muscle wet weight. (**B**) µCT evaluation of hindlimb volume after injury. The volume in the HBO group was lower than that in the NT group at 6 hours, 24 hours, and 3 days after injury. n = 13--20. \*\*P \< 0.01, \*P \< 0.05 using two-way ANOVA followed by Bonferroni post-tests. (**C**) 3D images of hindlimbs. Reduced swelling (arrows) was observed in the HBO group. Scale bar: 10 mm. (**D**) Wet weight of the calf muscles. The wet weight in the HBO group was lower than that in the NT group at 24 hours and 3 days after injury. n = 8. \*\*\*P \< 0.001, \*\*P \< 0.01 using two-way ANOVA followed by Bonferroni post-tests. Data are the mean ± SEM.

The wet weight of the isolated calf muscles was measured before and 6 hours, 24 hours, 3 days, 5 days, and 7 days after injury. The wet weight peaked at 6 hours in the HBO group and 24 hours in the NT group, and the values were significantly lower in the HBO group than in the NT group at 24 hours (P \< 0.001) (NT vs. HBO, 1.60 ± 0.04 g vs. 1.45 ± 0.03 g) and 3 days (P \< 0.01) (NT vs. HBO, 1.51 ± 0.02 g vs. 1.38 ± 0.02 g) after injury (Fig. [2D](#Fig2){ref-type="fig"}). HBO thus resulted in a lower limb volume and wet weight of the calf muscle after contusion-induced acute swelling.

HBO decreases the extracellular space and vascular permeability, and repeated HBOs increase the number of newly regenerating myofibers {#Sec5}
--------------------------------------------------------------------------------------------------------------------------------------

We investigated whether any histological changes occurred in injured muscles at 24 hours after HBO. The extracellular spaces were larger in the NT group than in the HBO group at 24 hours after injury (Fig. [3A](#Fig3){ref-type="fig"}). The proportion of extracellular space in the high-power field (HPF) containing the injury site was significantly lower in the HBO group than in the NT group at 24 hours after injury (P \< 0.01) (NT, 41.6 ± 2.6%; HBO, 31.2 ± 1.7%) (Fig. [3B](#Fig3){ref-type="fig"}). Vascular permeability was also evaluated based on Evans Blue leakage from the vasculature into the muscle. The absorbance values of Evans Blue in the supernatant from homogenized muscles were significantly higher in the NT (P \< 0.001) and HBO (P \< 0.05) groups than in the intact group. The absorbance values in the HBO group were significantly lower than those in the NT group (P \< 0.05) (intact, 0.11 ± 0.02; NT, 0.23 ± 0.07; HBO, 0.17 ± 0.03) (Fig. [3C](#Fig3){ref-type="fig"}).Figure 3HBO improved the early post-injury muscle environment and increased myofiber regeneration. (**A**) Representative image of the extracellular space (non-stained area) in H&E-stained sections. Scale bar: 100 µm (**B**) The ratio of the extracellular space per HPF was lower in the HBO group. n = 5. \*\*P \< 0.01 using Welch's test. (**C**) The absorbance of Evans Blue in the supernatant from homogenized muscles was higher in the NT and HBO groups than in the intact group. The absorbance in the HBO group was lower than that in the NT group. n = 10. \*\*\*P \< 0.001, \*P \< 0.05 using one-way ANOVA followed by Bonferroni post-tests. (**D**) Nucleus-centered myofibers (insets) were observed from 5 days after injury in the NT group. Regenerated myofibers (arrows) were counted. Scale bars: 100 µm (**E**) The number of regenerating myofibers in the HBO group was higher than that in the NT group at 5 days. n = 5. \*P \< 0.05 using Student's t-test. Data are the mean ± SEM.

Repeated HBOs were performed and histological changes were chronologically analyzed in the injured muscles until 7 days after injury. In this model, newly regenerated myofibers with central nuclei began to appear at 5 days, and their numbers then increased by 7 days after injury (Figure [S1](#MOESM1){ref-type="media"}). More regenerating fibers were observed in the HBO group than in the NT group at 5 days after injury (Fig. [3D](#Fig3){ref-type="fig"}). Quantitative analyses showed that the number of regenerating myofibers was significantly higher in the HBO group than in the NT group at 5 days (P \< 0.05) (NT, 21.2 ± 2.58 fibers/HPF; HBO, 33.75 ± 4.03 fibers/HPF) after injury (Fig. [3E](#Fig3){ref-type="fig"}).

HBO increases the maximum force-producing capacity in twitch and tetanic contraction of injured muscle {#Sec6}
------------------------------------------------------------------------------------------------------

In a functional analysis, we measured the muscle isometric tensile strength of the injured muscle at days 5 and 7 after injury. The ratios of the twitch and tetanic muscle isometric tensile strength of the injured (right) to non-injured (left) legs in the same rats were evaluated (Fig. [4A](#Fig4){ref-type="fig"}). The twitch muscle strength in the HBO group was stronger than that in the NT group at 5 days (NT, 0.82 ± 0.07; HBO, 0.97 ± 0.07), and significantly stronger than that in the NT group at 7 days (P \< 0.001) (NT, 0.76 ± 0.04; HBO, 1.09 ± 0.02) (left panel in Fig. [4B](#Fig4){ref-type="fig"}). The tetanic muscle isometric tensile strength in the HBO group was stronger than that in the NT group at 5 days (NT, 0.81 ± 0.03; HBO, 0.90 ± 0.04), and significantly stronger than that in the NT group at 7 days (P \< 0.05) (NT, 0.91 ± 0.02; HBO, 1.00 ± 0.03) (right panel in Fig. [4B](#Fig4){ref-type="fig"}). Repeated HBOs thus advanced the recovery of twitch and tetanic muscle isometric strength.Figure 4HBO increased the isometric tensile strength of the gastrocnemius muscle. (**A**) Twitch and tetanic forces were recorded and ratios of injured leg (*If*) to non-injured leg forces (*Nf*) were calculated. (**B**) The ratio of twitch muscle strength in the HBO group was higher than that in the NT group at 7 days. The maximum strength of tetanic forces in the HBO group was higher than that in the NT group at 7 days. n = 6. \*\*\*P \< 0.001, \*P \< 0.05 using Student's t test. Data are the mean ± SEM.

HBO changes the proportions of circulating and accumulating CD11b- and CD68-positive cells and accumulating CD163- and CD206-positive cells in injured muscle {#Sec7}
-------------------------------------------------------------------------------------------------------------------------------------------------------------

We investigated whether the proportions of circulating CD11b- (inflammatory cell marker) and CD68- (monocyte marker) positive cells changed in the arterial blood within 72 hours after HBO. The proportion of CD11b-positive cells was significantly higher in the NT group than in the HBO group at 6 hours (P \< 0.001) (NT, 65.5 ± 4.6%; HBO, 42.2 ± 4.1%) and 24 hours (P \< 0.001) (NT, 45.6 ± 6.1%; HBO, 21.9 ± 1.1%) after injury (Fig. [5A](#Fig5){ref-type="fig"}). The proportion of CD68-positive cells was significantly higher in the HBO group than in the NT group at 24 hours (P \< 0.001) (NT, 3.3 ± 0.2%; HBO, 8.3 ± 0.88%) (Fig. [5B](#Fig5){ref-type="fig"}). The proportion of CD11b-positive cells after subtraction of CD68-positive cells was significantly lower in the HBO group than in the NT group at 6 hours (P \< 0.001) (NT, 59.5 ± 4.2%; HBO, 38.1 ± 4.1%) and 24 hours (P \< 0.001) (NT, 42.3 ± 6.2%; HBO, 13.6 ± 1.2%) after injury (Fig. [5C](#Fig5){ref-type="fig"}). HBO reduced the proportion of circulating inflammatory cells and induced recovery of circulating monocytes, which were then expected to differentiate into macrophages in the injured tissue.Figure 5HBO decreased the amount of early circulating macrophages and facilitated macrophage infiltration in injured muscles. (**A**) The proportion of CD11b-positive cells was reduced in the HBO group at 6 hours and 24 hours. (**B**) The proportion of CD68-positive cells was increased in the NT group at 6 hours and in the HBO group at 24 hours. (**C**) The proportion of CD11b-positive/CD68-negative cells was lower in the HBO group than in the NT group at 6 hours and 24 hours, n = 5. \*\*\*P \< 0.001 using two-way ANOVA followed by Bonferroni post-tests. (**D**) Representative images of CD68-positive cells colocalized with DAPI (insets). (**E**) The number of CD68-positive cells was increased in the HBO group at 1 day and 3 days after injury. The number of CD68-positive cells was increased in the NT group at 5 days and 7 days after injury, n = 5. \*\*\*P \< 0.001, \*P \< 0.05 using two-way ANOVA followed by Bonferroni post-tests. (**F**) Representative image of CD163-positive cells. Scale bar: 100 µm. (**G**) The number of CD163-positive cells colocalized with DAPI (insets) in the HBO group was increased at 7 days, n = 5. \*\*\*P \< 0.001 using two-way ANOVA followed by Bonferroni post-tests. (**H**) Representative image of CD206-positive cells. Scale bar: 100 µm. (**I**) The number of CD206-positive cells colocalized with DAPI (insets) in the HBO group was increased at 3 days and 5 days, n = 5. \*\*\*P \< 0.001 using two-way ANOVA followed by Bonferroni post-tests. Data are the mean ± SEM.

We also investigated whether macrophage accumulation in injured muscles changed by 7 days after HBO. CD68-positive cells were observed at the injury site from 1 day after injury. At 3 days, a higher number of CD68-positive cells was observed in the HBO group than in the NT group, whereas at 5 and 7 days, more CD68-positive cells were observed in the NT group (Fig. [5D](#Fig5){ref-type="fig"}). Additionally, the number of CD68-positive cells in the HBO group was significantly increased at 1 day (P \< 0.05) (NT, 9.7 ± 2.5/HPF; HBO, 28.5 ± 3.3/HPF) and 3 days (P \< 0.05) after injury (NT, 63.4 ± 4.6/HPF; HBO, 85.3 ± 4.7/HPF), and then significantly decreased at 5 days (P \< 0.001) (NT, 102.7 ± 10.0/HPF; HBO, 70.3 ± 5.5/HPF) and 7 days (P \< 0.05) after injury (NT, 68.0 ± 3.3/HPF; HBO, 48.9 ± 2.7/HPF) (Fig. [5E](#Fig5){ref-type="fig"}). The peak infiltration of CD68-positive cells into the injury site occurred 2 days earlier in the HBO group than in the NT group.

CD163-positive cells and CD206-positive cells (both anti-inflammatory macrophage markers) were observed around the injury site from 3 days after injury (Fig. [5F,H](#Fig5){ref-type="fig"}). Furthermore, the number of CD163-positive cells in the HBO group was significantly increased at 7 days (P \< 0.01) (CD 163: NT, 13.8 ± 1.3/HPF; HBO, 28.2 ± 7.0/HPF) after injury (Fig. [5G](#Fig5){ref-type="fig"}). The number of CD206-positive cells in the HBO group was significantly increased at 3 days (P \< 0.001) (CD 206: NT, 10.6 ± 1.0/HPF; HBO, 19.8 ± 1.1/HPF) and 5 days (P \< 0.001) (CD 206: NT, 16.2 ± 0.4/HPF; HBO, 22.8 ± 1.0/HPF) after injury (Fig. [5I](#Fig5){ref-type="fig"}). Remarkable infiltration of CD206-positive cells occurred in injured muscles 3 days after injury, especially in the HBO group. HBO thus accelerated the peak of pan-macrophage infiltration and induced higher infiltration of anti-inflammatory macrophages in the injured muscles.

HBO changes the numbers of Pax7- and MyoD-positive cells and increases the number of Pax7-positive cells colocalized with Ki67 in injured muscle {#Sec8}
------------------------------------------------------------------------------------------------------------------------------------------------

We investigated whether the proliferation and differentiation of satellite cells changed in injured muscles after HBO. Pax7- and MyoD-positive cells were observed at 1 day to 7 days after injury (Fig. [6A](#Fig6){ref-type="fig"}). The number of Pax7^+^/MyoD^−^ cells (quiescent satellite cells) in the injured muscle was significantly higher in the HBO group at 3 days (P \< 0.01) (NT, 8.4 ± 0.5/HPF; HBO, 14.4 ± 1.7/HPF) and 5 days (P \< 0.01) (NT, 13.8 ± 2.1/HPF; HBO, 22.3 ± 1.8/HPF) than in the NT group (Fig. [6B](#Fig6){ref-type="fig"}). The number of Pax7^+^/MyoD^+^ cells (proliferating satellite cells) was significantly higher in the HBO group than in the NT group at 1 day (P \< 0.05) (NT, 7.0 ± 1.8/HPF; HBO, 14.9 ± 1.2/HPF) and 3 days (P \< 0.05) (NT, 9.7 ± 1.8/HPF; HBO, 17.8 ± 2.47/HPF) (Fig. [6C](#Fig6){ref-type="fig"}). The number of Pax7^−^/MyoD^+^ cells (differentiated satellite cells) was significantly higher in the HBO group than in the NT group at 3 days (P \< 0.05) (NT, 8.1 ± 1.0/HPF; HBO, 15.3 ± 2.0/HPF) and 5 days (P \< 0.05) (NT, 14.4 ± 1.6/HPF; HBO, 20.9 ± 1.6/HPF) (Fig. [6D](#Fig6){ref-type="fig"}). The number of Pax7-positive cells peaked at day 5, and the number of MyoD-positive cells gradually increased until day 7. HBO accelerated satellite cell proliferation and differentiation, and then increased the number of quiescent and differentiated satellite cells.Figure 6HBO accelerated the proliferation and differentiation of satellite cells in injured muscle. (**A**) Merged images, cells positive for Pax7 (red), MyoD (green), and DAPI (blue) in injured muscle (arrows). Scale bar: 50 µm. (**B**) The number of Pax7 + /MyoD- cells was significantly increased in the HBO group at 3 days and 5 days. (**C**) The number of Pax7^+^/MyoD^+^ cells was increased in the HBO group at 1 day and 3 days. (**D**) The number of Pax7^−^/MyoD^+^ cells were increased in the HBO group at 3 days and 5 days, n = 5. \*\*P \< 0.01, \*P \< 0.05 using two-way ANOVA followed by Bonferroni post-tests. (**E**) Merged images, cells positive for Pax7 (red), Ki67 (green), and DAPI (blue) in injured muscle (arrows). (**F**) The number of Pax7^+^/Ki67^+^ cells was increased in the HBO group at 1 day and 3 days, and peaked at 3 days in the HBO group and at 5 days in the NT group, n = 5. \*P \< 0.05 using two-way ANOVA followed by Bonferroni post-tests. Data are the mean ± SEM.

For further evaluation of proliferating cells, we investigated the number of Pax7-positive cells also positive for the proliferation marker Ki67 (Pax7^+^/Ki67^+^ cells) in injured muscles (Fig. [6E](#Fig6){ref-type="fig"}). A higher number of Pax7^+^/Ki67^+^ cells was present in the HBO group than in the NT group at 1 day (NT, 4.0 ± 0.7/HPF; HBO, 8.5 ± 1.0/HPF) and 3 days (NT, 7.0 ± 1.5/HPF; HBO, 14.5 ± 1.3/HPF) after injury (Fig. [6F](#Fig6){ref-type="fig"}). The peak number of Pax7^+^/Ki67^+^ cells occurred at 3 days in the HBO group and 5 days in the NT group. HBO thus activated early proliferation of satellite cells in the acute phase after injury.

HBO activates the IL-6/STAT3 pathway in injured muscle in the acute phase after injury {#Sec9}
--------------------------------------------------------------------------------------

We investigated whether the expression of IL-6 and STAT3 changed in injured muscle within 24 hours after injury. IL-6 expression immediately increased after injury and peaked at 3 hours in the HBO group (P \< 0.01) (NT, 995 ± 144 pg/mg; HBO, 1964 ± 396 pg/mg) and 6 hours in the NT group (P \< 0.05) (NT, 2126 ± 376 pg/mg; HBO, 1350 ± 368 pg/mg), and these increases were significant (Fig. [7A](#Fig7){ref-type="fig"}). Significantly lower levels of total STAT3 were present in the HBO group than in the NT group at 3 hours (P \< 0.001) (NT, 0.52 ± 0.10; HBO, 0.16 ± 0.01) and 6 hours (P \< 0.05) (NT, 0.38 ± 0.06; HBO, 0.14 ± 0.02) (Fig. [7B](#Fig7){ref-type="fig"}). The ratio of phosphorylated to total STAT3 was significantly higher at 3 hours in the HBO group than in the NT group (P \< 0.05) (NT, 0.42 ± 0.05; HBO, 1.17 ± 0.07) (Fig. [7C](#Fig7){ref-type="fig"}). HBO thus induced IL-6 expression earlier than non-treatment. This resulted in activation of expression of the downstream protein STAT3 in the acute phase after injury.Figure 7HBO activated the early IL-6/STAT3 pathway in injured muscles. (**A**) The levels of IL-6 in the injured muscles were higher at 3 hours and lower at 6 hours in the HBO group than in the NT group after injury (n = 6--8). \*\*P \< 0.01, \*P \< 0.05 using two-way ANOVA followed by Bonferroni post-tests. (**B**) The levels of total STAT3 in the HBO group were lower than those in the NT group at 3 and 6 hours after injury (n = 6). \*\*\*P \< 0.001, \*P \< 0.05 using two-way ANOVA followed by Bonferroni post-tests. (**C**) The ratios of phosphorylated STAT3 to total (p/t) STAT3 were significantly higher in the HBO group than in the NT group at 3 hours after injury. \*P \< 0.05 using two-way ANOVA followed by Bonferroni post-tests. Data are the mean ± SEM.

Discussion {#Sec10}
==========

In this study, we demonstrated that HBO dramatically reduced hypoxia and that the oxygenized environment lasted for 30 hours after even only one session of HBO. During HBO, the oxygen concentration increased in the later half of 2.5 ATA (Fig. [1A](#Fig1){ref-type="fig"}), possibly as a result of decreased blood circulation caused by arterial constriction under the high oxygen concentration to maintain homeostasis^[@CR13]^. HBO reduced the volume of contused calf muscles in the acute phase after injury. HBO also activated the IL-6/STAT3 pathway, altered the amounts of circulating and accumulating macrophages, and promoted satellite cell proliferation and differentiation in the acute phase after injury, resulting in increased regeneration of muscle fibers and muscle strength (Figure [S2](#MOESM1){ref-type="media"}).

Acute inflammation after skeletal muscle injury involves the production of inflammatory cytokines, recruitment of neutrophils, and increased vascular permeability^[@CR12],[@CR14],[@CR15]^. Edema and tissue hypoxia occur as a result of increased extracellular fluid accumulation and local circulatory dysfunction caused by increased internal pressure^[@CR16],[@CR17]^. Oxygen deprivation during hypoxia in the injured muscles causes a switch to anaerobic glycolysis for ATP production, which is only tolerable for a limited time. When the anaerobic pathway cannot produce ATP, membrane ion channel dysfunction and failure of cell homeostasis occur. This phenomenon leads to secondary skeletal muscle fiber necrosis^[@CR18],[@CR19]^. Thus, oxygenation is expected to prevent secondary damage in injured muscles. We found that improvement of oxygenation in the injured environment by HBO reduced early hindlimb volume, extracellular fluid accumulation, and vascular permeability. These findings indicate that HBO prevented hypoxia-induced inflammation in the acute phase after muscle injury.

After muscle injury, monocytes circulating in blood vessels and bone marrow-derived monocytes specially induced and mobilized by the injury invade the injured tissue and differentiate into pro-inflammatory macrophages. Monocyte-derived macrophages differentiate into inflammatory M1 macrophages (M1) in the acute phase of inflammation. These M1 cells then differentiate into anti-inflammatory M2 macrophages (M2), which reduce local inflammation, contributing to myoblast fusion and myofiber regeneration by stimulating proliferation of satellite cells, which plays an essential role in muscle regeneration^[@CR20]^. A recent study showed the presence of macrophages of different origins, i.e., circulating monocyte-derived macrophages and tissue-resident macrophages, which are considered to obtain proliferating capability^[@CR21],[@CR22]^. Tissue-resident macrophages also play a significant role in recovery from muscle injury by proliferating to act as M2 cells that accelerate regeneration^[@CR23]--[@CR25]^. In the M2 population, CD206- (C-type mannose receptor 1) expressing cells are considered to play a main role in the resolution of inflammation because a lack of CD206 results in elevation of serum inflammatory protein levels. As several types of tissue-resident macrophages express CD206 in mice^[@CR26]^, the CD206-positive cells observed at day 3 and 5 might represent an acute response. In contrast, CD163 has a high basal expression, amplified by IL-10 and glucocorticoids^[@CR27],[@CR28]^, and it is thus possible that the delayed CD163 expression observed here reflected the anti-inflammatory or stress response against muscle injury. CD206-positive macrophages are also considered to produce hepatocyte growth factor in injured muscle, which may facilitate muscle fiber regeneration^[@CR29]^. We found that in the macrophage response, macrophages labeled with CD68 accumulated 2 days earlier in the muscles of the HBO group compared to those of the NT group. The amount of M2 cells labeled with CD206 also increased earlier after injury in the HBO group than in the NT group (Fig. [5](#Fig5){ref-type="fig"}). Based on the difference in the time course of macrophage infiltration between the NT and HBO groups, HBO thus accelerated the transition from an inflammatory to an anti-inflammatory response and the subsequent regeneration process after skeletal muscle injury. This result means that HBO may exert both an anti-inflammatory effect and stimulation of muscle regeneration through enhanced differentiation of macrophages to the CD206-positive M2 phenotype.

Satellite cells express the transcription factor Pax7 in the quiescent state, and when they are activated, the myogenic regulatory factor MyoD is induced such that it is co-expressed with Pax7. During differentiation, Pax7 is downregulated, and MyoD stimulates further differentiation into the myoblast lineage. However, a minority of proliferating satellite cells returns to quiescence to prepare for the next injury^[@CR30]^. In this study, HBO increased the number of proliferating satellite cells (both Pax7^+^/MyoD^+^ cells and Pax7^+^/Ki67^+^ cells) at 1 and 3 days; the number of differentiating satellite cells at 3 and 5 days; and the number of quiescent satellite cells at 3 and 5 days after injury (Fig. [6](#Fig6){ref-type="fig"}). The peak of satellite cell proliferation was accelerated after HBO. The increase in proliferating satellite cells resulted in an increased amount of quiescent and differentiating satellite cells. In drug-induced muscle injury, mRNA expression of MyoD was previously shown to increase at 1 and 3 days after injury^[@CR31]^. Taken together, these results suggest that HBO enhances satellite cell proliferation and differentiation in the acute phase of muscle injury. Thus, HBO induces faster recovery from muscle contusion injury. Indeed, the twitch and tetanic muscle strength of HBO-treated rats was stronger than that of non-treated rats 7 days after injury.

IL-6 is a cytokine derived from macrophages, neutrophils, and satellite cells in damaged skeletal muscles. STAT3 is a downstream mediator of IL6, and the IL-6/STAT3 pathway induces the phosphorylation and transportation of STAT3 from the cytoplasm to the nucleus, which then increases the expression of genes essential for satellite cell proliferation and differentiation^[@CR32],[@CR33]^. The activation of this pathway also induces macrophage migration in regenerating muscles^[@CR34]^. In our study, the peak IL-6 level occurred earlier in the HBO group than in the NT group, and the ratio of phosphorylated to total STAT3 was increased in the HBO group at 3 hours. Activation of the IL-6 pathway depleted the total STAT3 amount at 3 and 6 hours after injury. As our assay only detected cytosolic STAT3, the decrease in total STAT3 likely reflected IL-6-induced transit of STAT3 from the cytosol to the nucleus^[@CR35]^. Early activation of this pathway by HBO thus enhanced the proliferation and differentiation of satellite cells and macrophage infiltration in injured muscles at the acute phase, finally accelerating myofiber regeneration and muscle strength.

We identified the mechanisms underlying HBO-mediated healing of skeletal muscle injury in an experimental rat model. Although repeated HBOs resulted in only a limited difference in the recovery effect after injury, the observed acceleration of muscle regeneration is expected to be clinically important because it could enable early recovery from severe muscle injury in high-level athletes, thereby reducing the associated short-term and long-term morbidity. This study provides evidence to support the clinical indication of HBO for skeletal muscle injury.

Material and Methods {#Sec11}
====================

Animals and experimental procedures {#Sec12}
-----------------------------------

All animal experiments were performed under approved protocols and in accordance with the recommendations of the Institutional Animal Care and Use Committee of Tokyo Medical and Dental University. Male 10-week-old Wistar rats weighing 250--300 g were kept in standard cages at a constant temperature and light/dark cycle of 12 hours each, with the light/dark hours changing automatically, and given water and food (MF; Oriental Yeast, Tokyo, Japan) ad libitum throughout the experimental period. The experiments were conducted mainly during the day from 6:00 AM to 6:00 PM, and the total number of rats used was approximately 400. Each experiment and its subsequent analysis were performed blinded. The animals were anesthetized with an intraperitoneal injection of chloral hydrate (280 mg/kg) or gas anesthesia (1.5% to 3% isoflurane, 1.5 L/min flow). Muscle contusion was induced by the modified mass-drop method^[@CR36]^. First, the targeted hindlimb was fixed distally at the Achilles' tendon and proximally at the gastrocnemius muscle using percutaneous needles. The calf was placed on silicon clay (Therapy Putty; AliMed, Massachusetts, US). A solid aluminum cylinder (640 g) was dropped from a distance of 250 mm onto the impactor (diameter 10 mm, hemisphere surface), which was placed on the belly of the medial calf of the rat. Abnormal behavior did not occur, and immediate recovery of locomotion was observed 24 hours after injury. Subsequently, rats were randomly assigned to either non-treatment (NT) or HBO treatment (HBO) after muscle contusion. Approximately 15 minutes after contusion injury, the rats in the HBO group were placed in a hyperbaric experimental chamber in which 100% oxygen was administered at 2.5 ATA pressure for 2 h, with 15 minutes for compression, 120 minutes of exposure at 2.5 ATA, and 15 minutes for decompression, under 100% oxygen. The compression and decompression speeds were 0.1 ATA/min^[@CR31]^. The treatment was performed once a day for 5 consecutive days.

Oxygen concentration measurement {#Sec13}
--------------------------------

The partial pressure of oxygen (pO~2~) in the calf muscles was measured using an electrode^[@CR37]^. The rat was held on the platform immediately after injury. A needle-type oxygen electrode (POE-10N; Bio Research Centre, Nagoya, Japan) was calibrated with saline at 37 °C bubbled with air, and then inserted into the gastrocnemius muscle where the impactor was placed. The oxygen concentration was monitored in the experimental HBO chamber at 25 °C (n = 2), with compression and decompression at 0.1 ATA/min and 15 minutes each for compression, exposure, and decompression. The oxygen concentration was measured at each time point, i.e., pre-contusion and 30 minutes, 3 hours, 6 hours, 24 hours, and 30 hours after contusion (n = 5).

Volume measurement of the calf {#Sec14}
------------------------------

Rats in the NT and HBO groups were placed in plastic cages and underwent µCT scanning (inspeXio SMX-100CT; Shimadzu, Kyoto, Japan) under gas anesthesia without sacrifice at 6 hours and at 1, 3, 5, and 7 days after the injury. The first measurement was performed 6 hours after injury, and 3.5 hours after the initial HBO. Scan data were analyzed by software (Phantoms; Ratoc System Engineering, Tokyo, Japan) to calculate the lower limb volume (soleus and gastrocnemius) between 5 and 22 mm proximal to the calcaneus. The changes in lower limb volume over time were evaluated longitudinally in each rat, with each rat measured at every time point (n = 13--20).

Measurement of calf muscle wet weight {#Sec15}
-------------------------------------

The animals were sacrificed for calf muscle sampling at 6 hours and 1, 3, 5, and 7 days after injury. The first measurement was performed 6 hours after injury, and 3.5 hours after the initial HBO. The wet weight of the dissected muscles was measured quickly using an electric balance (n = 8). The isolated calf muscles (soleus and gastrocnemius) were frozen in liquid nitrogen-cooled 2-methylbutane. The muscles were stored at −80 °C until further analysis.

Histology of the calf muscle {#Sec16}
----------------------------

Transverse sections of the calf muscles (soleus and gastrocnemius) were cut at 20 µm using a cryostat (CM 300; Leica Japan, Tokyo, Japan) at 2, 4, 6, 8, 10, and 12 mm proximal from the end of the Achilles' tendon, and stored at −30 °C. The sections were stained with hematoxylin and eosin (H&E), and the slides were evaluated under light microscopy. Microphotographs were taken with a digital camera (Olympus AX70; Olympus, Tokyo, Japan) attached to a microscope (Olympus BX51; Olympus). The captured images were processed and analyzed using image analysis software (ImageJ; National Institutes of Health, Bethesda, MD). At 1 day after contusion injury, we randomly chose 10 high-power fields (HPFs) from the H&E-stained sections and measured the extracellular space, which was defined as non-cytoplasmic area using ImageJ software^[@CR38]^. The proportion of extracellular space was calculated as a percentage for each section at 2, 4, 6, 8, 10, and 12 mm proximal from the end of the Achilles' tendon. (n = 5) In the evaluation of regenerated fiber, myofibers with centrally located nuclei were considered to be regenerating after injury. We chose the section with largest injured area in slices from 8, 10, and 12 mm proximal to the end of the tendon. The injured area was determined as the cell-invaded area. We randomly selected 10 HPFs from the injured area and counted the number of regenerating myofibers in the injured area (n = 5).

Vascular permeability evaluation {#Sec17}
--------------------------------

Vascular permeability was assessed by measuring the muscular uptake of intravenously injected Evans Blue (EB) dye^[@CR39],[@CR40]^. We prepared NT and HBO groups in addition to an intact group without injury. At 1 day after injury, and two hours before calf muscle (soleus and gastrocnemius) collection, 0.5% EB solution was injected systemically via the jugular vein at a dose of 5 ml/kg. The rats were then sacrificed and perfused with saline for 30 minutes. Dissected intact or injured calf muscles were homogenized in 1 ml of N-dimethylformamide and incubated for 24 hours at room temperature. The samples were centrifuged at 6,500 g for 10 minutes, and the supernatants were measured at 620 nm using a spectrophotometer (iMark microplate reader, Bio-Rad Laboratories, CA, USA) (n = 10).

Measurement of muscle isometric tensile strength {#Sec18}
------------------------------------------------

Rats in the NT and HBO group were anesthetized at 5 and 7 days after contusion. To evaluate gastrocnemius muscle function, the isometric tensile strength produced by stimulating the common tibial nerve was measured with a transducer (TB-653T; Nihon Koden, Tokyo, Japan) and recorded with a sensor interface (Power lab; AD Instruments Japan, Nagoya, Japan) and software (Power lab software; AD Instruments Japan). The common tibial nerve was stimulated with an electrostimulator (Neuropack µ; Nihon Koden) at 1 Hz (twitch) or 50 Hz (tetanus) using a surface electrode (UL2-2020, Unique Medical Co., Ltd., Tokyo, Japan), and the maximum strength was recorded^[@CR31]^. The stimulation pulse was the minimum voltage that visibly contracted the gastrocnemius muscle. Maximum twitch and tetanic isometric tensile strengths of the injured (If) and non-injured (Nf) legs were measured. The strength ratio of the injured muscle to the non-injured muscle (ratio of If to Nf) was calculated (n = 6).

Cell staining and sorting via flow cytometry {#Sec19}
--------------------------------------------

Blood samples were collected by cardiac puncture from the left ventricle before and 3, 6, 24, 48, and 72 hours after injury. The samples were washed in PBS solution. The whole blood was lysed using lysis buffer (BD Pharm Lyse, BD Biosciences) according to the manufacturer's protocol. The cells from the blood were suspended at a density of 5 × 10^5^ cells/mL and stained for 30 minutes on ice with anti-rat CD11b-PerCP--eFluor710 antibody (eBioscience, San Diego, CA, USA) and PerCP-e710 Mouse IgG2a Isotype Control (eBioscience, San Diego, CA, USA), or with anti-CD68-FITC antibody (Bio-Rad Laboratories, CA, USA) and Mouse IgG1 Negative Control antibody FITC (Bio-Rad Laboratories, CA, USA) for cell surface marker analysis. Flow cytometric analysis of the cell surface was performed using a triple-laser FACS Verse system (BD) (n = 5)^[@CR41],[@CR42]^.

Immunohistochemistry {#Sec20}
--------------------

Transverse sections of the calf muscles were immersed in blocking solution (5% normal goat serum in PBS with 0.5% Triton X-100) for 30 min and then incubated overnight at 4 °C with the primary antibody (CD68, mouse monoclonal antibody, Bio-Rad Laboratories, CA, USA; CD163, mouse monoclonal antibody, Bio-Rad Laboratories, CA, USA; CD206, rabbit polyclonal antibody, Abcam, Cambridge, UK; Pax7, rabbit polyclonal antibody, Abcam, Cambridge, UK; MyoD, mouse monoclonal antibody, Santa Cruz, CA, USA; Ki67, rabbit polyclonal antibody, Novus Biologicals, Littleton, CO, USA) diluted 1:100 in PBS. The sections were washed three times for 5 min each in PBS and then incubated with the secondary antibodies (goat anti-mouse IgG-Alexa Fluor 594, goat anti-rabbit IgG-Alexa Fluor 488; Life Technologies Japan, Tokyo, Japan) diluted 1:400 in PBS for 1 h. The sections were then washed three times for 5 min each in PBS. Finally, the sections were incubated with DAPI (Life Technologies) for 1 min, washed in PBS, and mounted in mounting solution (PermaFluor; Thermo Fisher Scientific Japan, Yokohama, Japan). The positively stained cells were counted in 10 HPFs using the same histological procedures described above (n = 5).

ELISA {#Sec21}
-----

Calf muscles (soleus and gastrocnemius) were isolated from the hindlimbs before injury and at 3, 6, and 24 hours after injury. The samples were trimmed, frozen, and crushed using a cell crusher. The samples were homogenized in a 1,000 µl of lysis/extraction reagent (CelLytick; Sigma-Aldrich, St. Louis, Missouri) and centrifuged at 14,000 rpm for 10 min at 4 °C, and the supernatants were extracted for assay. The concentrations of IL-6, total STAT3, and phosphorylated STAT3 were measured using enzyme-linked immunoassay (ELISA) kits (R&D Systems, Minneapolis, Minnesota) according to each manufacturer's protocols (n = 6--8)^[@CR43]^.

Statistical analysis {#Sec22}
--------------------

The data are presented as the mean ± the standard error of the mean (SEM). All analyses were two-sided, and the significance level was 5%. The statistical analyses were performed using Windows SPSS Version 23.0 (IBM Japan, Ltd., Tokyo, Japan). Data were analyzed for normality with the Shapiro-Wilk test and for homoscedasticity with Levene's test. We investigated longitudinal effects, the effect of HBO treatment, and the interaction between longitudinal effects and treatment using two-way ANOVA, with oxygen concentration, volume of hindlimbs, wet weight, FACS, immunostaining, and ELISA data as the outcome measures. Vascular permeability was compared across three groups (intact, NT, and HBO) at 24 hours after injury by one-way ANOVA followed by Bonferroni post-tests based on the normal distribution and homoscedasticity of the data. Data with normal distribution and homoscedasticity were subjected to Student's t-test for comparison of the number of regenerated fibers and the tensile strength of the gastrocnemius muscle between two groups. The extracellular space data, which had only a normal distribution and without homoscedasticity, were subjected to Welch's t-test for comparison between two groups.
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